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I. SUMMARY 
The M-1 Engine Development Program w a s  i n i t i a t e d  at the Sacramento 
Plant of the Aerojet-General Corporation under NASA Contract NAS 3-2555 
in l9&. Full-scale tes t ing  of the turbopump assemblies and thrust chamber 
assembly as well as other components w a s  accomplished pr ior  t o  the pro5am 
termination, 
In this report, the term "large" when used i n  context with the  flow- 
meters implies t h e i r  relationship t o  the available f a c i l i t i e s  as w e l l  as 
t o  the scaling factors, 
The procurement, calibration, f a c i l i t y  ins ta l la t ion ,  and use of turbine 
flowmeters for  the very large l iquid oxygen/liquid hydrogen M - 1  rocket com- 
ponents a re  discussed i n  t h i s  report, 
lhphasis is placed upon design features that minimize repair  time tas 
Calibration f a c i l i t y  needs a re  a l so  presented along with the 
Limited cal ibrat ion 
well as cost, 
construction de ta i l s  of one type of turbine flowmeter, 
data for  several  cryogenic turbine flowmeters are given as well as data 
that shows the re la t ive  capabi l i t ies  of the nation's major tes t ing  organi- 
zations, Fac i l i ty  recommendations are  a lso provided. 
I1 INTRODUCTION 
The term "large flowmeter" as used i n  t h i s  report implies a flowmeter 
of a s i ze ,  for  which there are inadequate f a c i l i t i e s  fo r  one o r  more of the 
following functions: manufacturing; tes t ing  .=uu calibrating; repairing; and 
handling, It also implies that the elements for scal ing upward from current 
Cwechnology cannot be sa t i s f ac to r i ly  ver i f ied using exis t ing f ac i l i t i e s .  
i n  the context of the M - 1  Program, wherein l iquid oxygen and l iqu id  hydrogen 
were used, a l l  meters with a minimum diameter of eight-inches were considered 
large. Although t h i s  w a s  the case i n  the M-1 Program, it should be noted that 
the o i l  industry has used X-in. and 36-in. non-cryogenic turbine flowmeters 
for some t h e ,  having developed calibrating and handling techniques,, 
Uith- 
The primary unknowns flowmeter sealing appear t o  be related to  the 
These unknowns are the  predictabi l i ty  of the  calibration use of ergogenies. 
fac tor  s h i f t  from water t o  the  cryogenic f lu id  and the unpredictable line 
loads resul t ing from d i f f e ren t i a l  contractions during system chilldowns. 
number of other scaling factors must a l so  be considered by the designer. 
These inzlade f lu id  s l i p  caused by the large spacing between the blades, the  
r e l a t i v e  influence upon the  s l i p  of select ing flat blades as opposed t o  the 
he l i ca l  blade, the fabrication techniques for flow straighteners,  and the  time 
constants 
f la t  blades w i l l  not be discussed because the author has no experience with 
the  he l i ca l  blades. 
the  rotors,, 
A 
Of these considerations, only the selection between he l ica l  and 
All of the M - 1  meters rere supplied with flat blades on 
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The design of the H-l  l i q u i d  oxygen and l i q u i d  hydrogen turbine flow- 
meters involved consideration of the effects of chilldown, dynamic loading, 
materials, bearings, sub-component tes t ing,  cleaning, handling, and calibra- 
tion. These designs were predicted upon the ant ic ipated excessive cost  and 
l o s t  time of having t o  remove these devices from the flow l i n e s  f o r  repa i r  and/ 
o r  calibration. 
Certain aspects of t h e  designs increased the costs  r e l a t i v e  t o  other 
more standard meters i n  the  f ie ld .  The use of s t ra ightening vanes within 
the  meter, pre-loaded b a l l  bearings, multiple sensing co i l s ,  and spec ia l  
sensing c o i l  and r o t o r  tests a r e  representat ive of these spec ia l  d e t a i l s o  
The most d i f f i c u l t  problem i n  connection with the  use of  t he  l'largel' 
flowmeter is that of cal ibrat ion,  Most of t h e  M-1 flawmeters f o r  t he  thrust 
chamber and pump development test  stands could not b e  cal ibrated i n  water t o  
f u l l  range a t  any exis t ing f a c i l i t y  and could not be cal ibrated i n  l i q u i d  
hydrogen a t  all. 
Most development programs require a steady-access t o  ca l ibra t ion  
f a c i l i t i e s ;  however, t he  cost  of such faci l i t ies  when considered i n  re la t ion-  
sh ip  t o  t he  lead-time required i n  using a central ized nat ional  f a c i l i t y  poses 
a question that remains t o  be resolved. 
I11 b TECHNICAL DISCUSSION 
Ab UNIQUE LARGE METER APPLICATION FEATURES 
The use of large meters presents the normal flow measurement 
problems along with unique oneso 
problems were cal ibrat ion,  handling, and cleaning. 
As encountered in this project ,  the unique 
However, there  are c e r t . a b  advantages i n  w i n g  t.he la rge  meter, 
such as:. 
10 The capabi l i ty  for incorporating flow st raighteners  of 
almost any desired desi@,. 
2. The capabi l i ty  for u t i l i z i n g  pressure, temperature, and 
multiple pickup c o i l  taps  wi.f;hout. any ser ious  design compromise. 
3 b  The capabi l i ty  f o r  u - h g  large,  rugged bearing designs, 
that a r e  easy t o  replace, 
40 The high probabili ty f o r  being ab le  t o  disassemble, re- 
place bearings, and  reassemble them without se r ious ly  a f f e c t i n g  K factor.  
Each o f  t he  above f ac to r s ,  along with the others  presented i n  
t h i s  report. , resolve themselves int.0 one prime consideration; t h e i r  a f f e c t s  
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upon costs and schedules. Became the replacement of a flowmeter tha t  ie 
possibly s i x  fee t  long (Figures No. 1 through No. 41, weighing over 2000 l b  
and having foam insulation, 3s very expensive, it is necessary t o  take special  
precautions 5.n the  design t o  midmize any need for  repairs. 
B. CALIBRATION 
Regardless of flowmeter s i ze ,  operational problems a r i s e  which 
The use of cryogenic 
require tes t ing  t o  determine performance, design deficiencies, corrective 
action, and general. flow measurement problem anaPysis. 
propellants requires calibration in the cryogenic l iqu id  rather  than 
water calibration factor. This is well documented in the l i t e r a t u r e  . cv- a 
WEth one type and s i ze  of turbine flowmeter used i n  the  T i t a n  I 
propulsion system development programs, i t  was demonstrated by repeated cal i -  
brations that the  water-ko-linv+d omticen K factor s h i f t  far a ~ y  one meter w a s  
repeatable to  + 0.%$ 3 X , which necessitated that  only ?fy calibration be 
performed iaL c&ogenics, a f t e r  which water could be used 
not apply when a new rotor was instal led,  it d5d apply t o  bearing and miscel- 
laneous component replacements. 
shift with large meters could be demonstrated, the cost  and lead time fo r  
successive cryogenic ealibaations would be elfminatedo 
. W l e  t h i s  did 
Thus, i f  acceptable repeatabi l i ty  of K fac tor  
A s  late as 1964, the capability t o  cal ibrate  some of the H-1 
The specif ic  water cal i -  flowmeters t o  full-scale 5.n water d i d  not exist;, 
bration r e su l t s  are  ,gven belDwa 
Approximate Approx5matedAP Achieved - Sfze Rated Q (GFM) I n  Propellant; Acqual Q 
'h4--%E0 (Lo 1 20 9 0 0 0  28 15,500 
14-iZlo ($1 60,ooO 12 21 ,000 18-h. (LH 1 60 ,000 4 42,000 
20-ho (L€$ 60 p o O 0  3 439500 
In general, cavitation resulted when attempting to exceed these 
The meters were w e l l  into the l inear  region of performance, although valueso 
some doubt may &ways exist f f  rated flow caraot  be reached. 
National Bureau of Stan&& Report 7692, Recommendations t o  the NASA 
Covering a Cryogenic: Fluid FLowmeter Calibration Faci l i ty ,  U S E ,  NBS, 
Boulder Laborat.osies, Boulder, GoPorado, Hay 15, 1963 
Deppe, G. Re and Dow, R, Ho, The Design, Construction, and Operation of 
a CryoRenic FLOW Calibration Facil i ty,  Aerojet-General Technical 
Memorandum No, TM-149, 17 January 1962 
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Compounded with the above l imi ta t ion ,  no flow f a c i l i t y  is known 
t o  exifit t h d  cm. reach 60,09C gpm of l i qu id  hydrogen, and no f a c i l i t y  exis ts  
at Aerojet-General Corporation f o r  highly accurate l i qu id  oxygen ca l ibra t ion  
hl excess of' 4,000 gpm, 
. 
In  the  absence of a cryogenic ca l ibra t ion  fo r  l a rge  meters, t he  
Aerojet-General Corporation uses ra t iona l ized  correct ion f ac to r s  t o  water cal ibra-  
t i o n  constants, These are (K i n  cycles per gallon): 
Water t o  LO + O,6% 
Water t o  L< + O,W 
These numbers are a combination of experience with l i q u i d  oxygen 
and the  predicted contraction of t he  s t a i n l e s s  s t e e l  with temperature. 
v a r i a b i l i t y  from meter t o  meter, f o r  a l l  types, is Unkno~n, but  for a ce r t a in  
type (3) i n  l iqu id  oxygen, t he  s h i f t  varied from + Oe2% t o  approximately + 2.0%. 
The 
A small amount of data e x i s t s  fo r  t he  M - 1  flowmeters and several 
NERVA eight-ineh meters. 
of K fac tor  s h i f t s  appl ies  to  the  M - 1  meter design. 
These data tend t o  ind ica te  t h a t  t h e  same bandwidth 
Figure No. 5 presents  water and hydrogen data f o r  an eight  inch 
l i qu id  hydrogen meter t h a t  w a s  ca l ibra ted  i n  water a t  Alden Laboratories, 
Worcester Polytechnic I n s t i t u t e ,  Worcester, Massachusetts using a gravimetric 
system, tha t  is accurate t o  approximately 2 0 . 3  ( s t a t i s t i c a l  ana lys i s  was not 
submitted). 
Sc i en t i f i c  Laboratory (LASL) Cryogenic F a c i l i t y  
Appendix A) ,  
l i q u i d  l e v e l  system that  w a s  estimated by LASL t o  be accurate t o  between one and 
two percent, These data ind ica te  an average s h i f t  from water t o  l i qu id  hydrogen 
o f  approximately + l.l%, 
data is val id ,  Mortenson and Wheelock (4) reported data  for  an eight  inch tur- 
bine meter which was l i n e a r  over a 1 0 ~ 1  range i n  water, but showed a sharp drop 
iYa ca l ib ra t ion  constant in LH2 at  approximately 25% of the  upper ca l ib ra t ion  
puht , ,  Pi, Ls emphasized that the  LASL data were preliminary, but they did 
ixd ica te  a trend. 
This meter was then ca l ibra ted  i n  l i qu id  hydrogen a t  Los Alamos 
The la t te r  data was derived from an in- l ine  ventur i  and a tank 
Jackass F l a t s  , Nevada (see 
The sharp decline at the  low end can be expected if t h e  
(3) Deppe, G, R. and Dow, R, He, Design, Construction, and Activation of a 
Cryogenic Flow F a c i l i t y ,  Vole 8, Advances i n  Cryogenic Engineering, Plenum 
Press,  August 1962, page 371 
(41 Mortenson, Le No and Wheelock, H, Re, Liquid Hydrogen Flow Measurement, 
Tenth Ann~aT. I n s t i t u t e  of &viromenta1 Sciences Meeting, Philadelphia,  
Pa09 Aprj1 13-15, 1964 
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F P W e  No, 6 presents water and l iqu id  nitrogen data f o r  an 
18-in, meter used for pump test ing,  
Laboratories, EL Segundo, California,  
from =LE on-stand l i qu id  l e v e l  system used during pump testing. 
sensing systems were ased f o r  data reduetion, A "hot w f p e "  point system 
w a s  used as a scale  factor  reference f o r  a continuous capecitance probe, 
which, in turn,  w a s  used for the data reduction, The systemwas used 
approximately 15 times because of the l imited oxidizer pump test  schedule. 
Consequently, the factors  affect ing accuracy and precision were never f u l l y  
amalyzed o r  understood, 
l y  50% of t he  tank volume w a s  discharged, i t  is observed t h a t  the K f a c t o r  
in l i q u i d  nitrogen is w5thin the assumed band described above. 
which discharged 25% o r  less of the tank volume, l e v e l  sensing e r r o r s  
produced a s c a t t e r  of some 1s0 
The water data w w  obtained from Wyle 
The l iqu id  nitrogen data is compiled 
Two l e v e l  
However, in a few of the tests,  wherein approximate- 
I n  tests 
A 14-h, BPqaid oxygen flowmeter w a s  ca l ibra ted  in an F-1 
The meter had beegr previously cal ibrated i n  water 
Pmbopzaump tes t  stand i n  l i q u i d  oxygen a% the Marshall Space Flight Center, 
Huntsville, Alabama, 
t o  75% of fu l l - s cde ,  
The wahr ca l ibra t ion  performed at  Wyle Laboratories, Norco, 
California,  revealed a K factor  which w a s  l i n e a r  within + 0.25% of the mean, 
The l iqu id  oxygen cal ibrat ion at MSFC, Huntsvil le,  A l a b i a ,  used a time- 
volume technique, 
l i qu id  l eve l  sen so^"^, and a cal ibrated contraction of the tank t o  l iqu id  
oxygen temperatwes, 
presented by MSFC. 
Lewis Research Center, Cleveland, Ohio, based upon data supplied by MSFC, 
indicates  a 3 8 e r r o r  of approximately 0 ~ 3 % ~  exeluding t h e  a f f e c t s  of ni t ro-  
gen condensation, 
0,s and l o O % o ~ ~ ~  
between - + O,Z% and 2 ~ ~ 0 % ~  
along witA?, capai Etarr: e point l eve l  ; however , MSFC personnel advised that 
t h e  capacikance probe data should be used as the prime data source. 
The volume reference is a water-calibrated tank, point 
A complete e r ro r  analysis  of t h e  system has not been 
However, an analysis  given by M r .  J, Norris of t h e  NASA 
Qne report  indicates  t h a t  t h i s  a f f e c t  may be between 
A best estimate of %he 3a ca l ibra t ion  emor  l i e s  
The tank system uses o p t i c a l  point l e v e l  sensors 
A pH.~t of 8:he res~ults, w h g  the average water K f ac to r  as 
the  reference, is provided as Figwe No, 7, Numerical results are provided 
as AppendLx Bo 
were not recorded ~h two tes t s  asid t h e e  of t.he flow tes ts  were accompanied 
by cavi&ati.ono 
psss:ibly incurring aavitat,ion, A.na1ysi.s of pressure drop data i n  re la t ion-  
Ship to vapor pyess-me produced. no val id  reason f o r  redection; therefore,  
t he  value of -b le06% As being used, I f  there  were a val id  reason for 
O f  t.he 12 flow tests performed, the capacikance probe data 
%k t,he %ema%ning seven flow tests,  two points s tand out as 
( 5 )  Bucaka~e'E1 LawEer, and Street. , ISA 19th 
Annual Confepense and Exhibft , re-Print  NO, 
1.2 2-1-64 
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re ject ing the  two high values, the  avemqe s h i f t  is ap roximately + 0.9%. 
is a swnmary of the calibrations: 
Bctb values l i e  within the limits previously published P 6). The following 
K (seven test average) Liquid Oxygen = 0.6309 cycles/gallon 
Flow Range 
Average Shi f t  From Water 
3CVariance = + 009% 
+ k 0 , 5 O O  g p m  t o  16,500 gpm 
= + lei% 
The calibration constant derived from each of the flow tests 
represents an average of from six t o  45 individual increments of volume., 
seven test  K factor shown above is an average of the increment averages. The 
variance of data within each flow t e s t  is + 3,3%, 3 5  , which is representative 
of the d i f f i cu l ty  encountered i n  measuring-flow with re la t ive ly  s m a l l  increments 
of volume. 
The 
An 18-in. flowmeter, instal led in the T e s t  Stand E-1 suction line, 
w a s  used during the l iqu id  hydrogen p u p  development program. 
water calibrated to  approximately 70% of ra ted flow at Wyle Laboratories. It 
was then checked in l iqu id  hydrogen against a dual l iquid leve l  system i n  the 
on-stand tanks during pump tests, The systems a r e  ident ical  t o  those used in 
the l iqu id  oxygen pump development program. 
water and l iquid hydrogen data. This specif ic  problem emphasizes the need for  
an accurate quantity gage during tests as w e l l  as a calibration f a c i l i t y  "off- 
line." 
data from the  expected value, 
have not been known t o  produce more than a s shift of the calibration factor. 
The average correction factor  t o  the meter K is -l?.%, which is derived from 
these data and based upon the information detailed in Appendix De The spread 
of data is 14.s t o  21.6%. which incorporates the  turbine meter and l eve l  sensing 
variabi l i ty .  
The meter was 
Figure No. 8 shows the comparative 
No explanation has been found as yet for  the extreme deviation of the 
Pre-rotation and/or velocity prof i le  a f f ec t s  
Another set  of calibration data for  l iquid hydrogen meters vas 
obtained in the NERVA Program, 
s t a l l e d  for the purpose of providing an on-line calibration device during pump, 
nozzle, and reactor simulator testso 
Figure No, 9. 
In t h i s  e f for t ,  a tank weighing system was in- 
A schematic of t h i s  system is shown i n  
The system evidenced an approximate 2% spread of data when discharg- 
i ng  approximately 5% of the tank. 
in which 30,000 gallons (m of the tank) were discharged a t  the r a t e  of approd- 
mately 5,000 gpm, indicated that the assumed + 0~8% Calibration factor  s h i f t  from 
water t o  l iqu id  hydrogen is correct for that type of meter, within 2 lo@, 3C . 
(see Appendix D), Thus, the 16% t o  20% reduction of calibration factor  for the  
l4-1 18-in. flowmeter is not considered normal and most probably the cause could 
have been ascertained had the program continued. 
However, recently, some long duration tests, 
( 6 )  Deppe, G, R, and Dow, B. He, Vol, 8 9  Advances in Cryogenic mineering, 
op. c i t .  
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It is pert inent  a t  t h i s  point t o  examine the r e l a t i v e  merits of 
"on-line1' versus "off-line" ca l ibra t ion  f a c i l i t i e s .  The obvious advantages of 
the  "on-line" ca l ibra t ion  a r e  tha t  propellants and manpower can be conserved. 
Also, meters ape ca l ibra ted  i n  the  hardware environment ( i n  the propellants o r  
f l u ids  re la t fng  t o  the  hardware), 
The disadvantages are well summarized by the  problems associated 
with resolving the 18-in. l i qu id  hydrogen meter data previously described. 
cost  of removal, fnspection, and r e ins t a l l a t ion  (see Figure No, 1) exceeded 
$3,000 i n  addition t o  a schedule impact of f i v e  t o  s i x  days delqy. 
a b i l i t y  of an "off-line" f a c i l i t y  would probably have permitted detect ion of t he  
problem before in s t a l l a t ion  in the tes t  position. 
l iqu id  hydrogen t e s t s ,  outflowing approxinately 12,000 gallons each tes t ,  was 
estimated to be approximately $44,000, without a pump ins ta l led .  
6iplgl.e pump t e s t  c a n  be t h e  same, 
l i n e  ca l ibra t ion  mus% consider the p rac t i ca l  schedule as well as the  cost  problems 
encounteredo New flowmeters (and any new transducers) wi l l  experience development 
problems. 
problems present e d 
The 
The avai l -  
The cost  of performing f i v e  
The cost  of a 
Thus, t h e  t radeoffs  between on-line and off- 
An off- l ine f a c i l i t y  appears to best  meet the  needs for  overcoming the  
Actually, a combination of a good on-line ca l ib ra to r  and a s i n g l e  
off- l ine f a c i l i t y  appears t o  be the  most optimum solution. 
l i n e  device w i l l  not produce the  accurate data to  be procured from a system de- 
signed spec i f ica l ly  f o r  cal ibrat ion.  
system being developed by Flow Technology, Inco f o r  MSFC. 
information, t h i s  unit  is b i n ,  i n  d$ameter and designed f o r  ambient use; however, 
it should be ab le  t o  operate i n  cryogenics, 
available. T h i s  system is  based upon the industry-tested "ball-prover" systemo 
The cost  of such a system f o r  cryogenic meters of  the s i z e  being discussed is 
estimated t o  be in excess of 81,000,000; therefore ,  only one such system per t es t  
complex appears feasible.  
Pine system, avai lable  to t he  industry in general, backed up by l e s s  accurate and 
far less expensive on-line syixems. 
Generally, the on- 
A possible exception is the  in- l ine prover 
According t o  reported 
No fur ther  information is current ly  
This cost appears t o  be an mgwllent i n  favor of an off- 
The Aerojet-General Corporation approach of using two l i q u i d  l e v e l  
systems f a r  "on-linef1 ca l ibra t ions  $s sim%lar t o  that used by t h e  Marshall Space 
Flight. Centero 
of approximately one t o  two percento 
be a f l o a t  and a se r i e s  of switches, is probably capable of b e t t e r  than I.% data 
because of surface averaging, and should be r e l a t i v e l y  inexpensive. 
m u s t  be noted tha t  these approaches cause test  s tands t o  be used for t e s t h g  flow- 
meters rathey t h a n  development hardware when meter t roubles  a r i s e .  This has an 
adverse e f f ec t  upon t e s t  schedules. 
ge t t ing  the  14-fn0 l i qu id  oxygen meter ca l ibra ted  a t  Marshall Space Fl ight  Center 
IS a prime example of t h i s  type of interference,  
four  months behind schedule became of problems ~ r e c t l y  r e l a t e d  t o  conf l i c t  with 
test  stand pump tes t ing  schedules, 
These systems provide a capabi l i ty  fo r  acquiring data with an e r ro r  
The Rssketdyne approach, which is reported t o  
However, it 
The d i f f i c u l t y  cur ren t ly  encountered 
The ca l ib ra t ions  a r e  approximately 
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The discussion of an "off-line", or central ized cal ibrat ion 
f a c i l i t y  is an extremely complex one as re la ted  to  these "largett meters. 
An over-all philosophy ra ther  than a spec i f ic  method w i l l  be presented 
br ief ly .  
A t  the  one extreme, it  would seem advantageous t o  install 
ca l ibra t ion  systems for  each development program, This minimizes time 
delays in the solut ion of metering problems. However, the cost  for  such a 
f a c i l i t y  t o  handle l i q u i d  hydrogen on a volumetric ca l ibra t ion  basis ,  up t o  
600 lb/sec is in excess of $~,OOO,OOO, including all design, construction, 
and activation. 
oxygen and by 
of $ ~ , o o o ~ o o o ~ ~ ~  Thus, t o  install independent capab i l i t i e s  at Aero jet- 
G e n e r a l ,  Rocketdyne, and the  Marshall Space Fl ight  Center, could cost  
approximately $20 ,OOO ,ooO. 
The last report  for  the  National Bureau of Standards 
gen f a c i l i t y  (gravimetric) w a s  t ha t  it would cost  i n  excess 
A t  the other end of the spectrum, the construction of a central-  
ized national. f a c i l i t y  reduces f a c i l i t y  costs  , but involves several  trade-offs.  
The system should be operated a6 a service t o  the respective Government con- 
t ractors .  
l ished,  The individual contractors must, i n  general, increase t h e i r  spare 
flowmeter inventory because of potential  delays in obtaining services. 
Entire line sect ions with the  flowmeter must be accommodated, as piping 
e f f ec t s  are major contributors t o  cal ibrat ion factor  deviations, 
M e a n s  for absorbing propellant and manpower costs  must be estab- 
The individual programs would have t o  estimate the number of 
extended t r i p s  t o  the  cent ra l  f a c i l i t y  tha t  would be required t o  solve problems 
which are unknown at the  time of proposal preparation. 
t o  note is that ca l ibra t ion  costs  per meter a r e  in excess of one order of 
magnitude higher than for meters in the four inch t o  s i x  inch diameter cate- 
gory, and s igni f icant  program dollars m u s t  be a l located fo r  such effor t .  The 
cost of improving a flow measurement and perhaps spec i f ic  impulse by one per- 
cent is at least an order of magnitude less than an in jec tor  improvement 
program would cost  t o  meet contractual requirements, 
by Aer&iyt-General Corporation with water t o  l i qu id  oxygen ca l ibra t ion  fac tor  
Shifts The 
ca l ibra t ion  stand and the corresponding cal ibrat ion cos ts  to ta led  approximately 
The s igni f icant  point 
The pioneering work done 
is estimated t o  have saved $50000,000 in i n j ec to r  development. 
8 ~ , 0 0 0 ,  
A compilation of t he  major water and cryogenic f l u i d  cal ibrat ion 
f a c i l i t i e s  is given i n  Tables I, 11, and 111, 
mate Maximum Flow, gpmtt is somewhat misleading because of the need f o r  pressure 
The column en t i t l ed  "Approxi- 
[71 
(8) 
Deppe, G.R. and Dow, R.H., ~ 0 1 ~ 8 ,  Advances in Cryogenic Ebgineer-, op. c i t ,  
Deppe, G. R. and Dow, Re E., Vole 8, Advances in Cryogenic Engineering, 
op, c i t ,  
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PLACE 
Wyle Labs 
Alden 
Cornell 
Aero j e t  
Edwards AFB 
-
TABLE I 
MAJOR WATER n 0 U  CALIBRATION FACILITIES 
APPROXIMATE 
MAXIMUM FLOW 
(mm) 
60,000 
20,000 
30,000 
4,000 
10,000 
MAXIMUM 
( P S i d  CALIBRATION ACCURACY ( 3 C  
140 Volumetric 0.32% 
SYSTEM PRESSURE TYPE OF ESTIMATED 
35 Gravity 0.3% 
35 Venturi 1.0% 
550 Volumetric 0.2% 
50-100 Volumetric Prover 0.1% 
PLACE -
%le Labs 
R o c k e t  dyne 
(5-2 Test 
Stand) 
Prat t -  
Whitney 
A e r o  j e t  
(NERVA) 
A e r o  j e t  
(H-1- Pump 
Stand) 
* unknown 
TABLE I1 
MAJOR CRYOGENIC F'LOU F A C I L I T I Z S ,  LIQUID HYDROGEN 
1,200 
* 
1,200 
3,000 
100 
100 
LOO 
TYPE OF ESTIMATED 
CALIBRATION ACCURACY ( 3 6 )  
G r a v i t y  0.23% 
V o l u m e t r i c  1.0% 
G r a v i t y  O,%% 
G r a v i t y  0.5% 
V o l u m e t r i c  2 4 %  
TABLE I11 
MAJOR CRYOGENIC FLOW FACILITIES, LIQUID OXYGEN 
APPROXIMATE 
MAXIMUM n o w  
PLACE (mm) 
Wyle Labs 4,000 
Rocketdyne (F-1) 18,000 
MSFC (F-I.) 159OOO 
Aero jet  4,000 
Aero je t 6,000 
(Pump Stand) 
MAXIMUM 
SYSTEM PRESSURE 
(psia) 
100 
* 
100 
550 
110 
TYPE OF %TIMATEX) 
CALIBRATION ACCURACY ( 3 s )  
Gravity 003% 
* Volumetric 
Volumetric 100% 
Volumetric 003% 
Volumetric 200 to 30096 
* unknown 
drop considerations both within the meter and some device downstream of the  
meter t o  prevent cavitation, Thus, it 3.s seen that the Wyle system w a s  un- 
able t o  achieve fupl flow with some of the  H-1 meters, even though the system 
can deliver 60,OOO g p m  through an unrestricted line. 
pertaining t o  Rocketdyne and Pratt-Whitney systems are unavailable, verbal 
contacts and literature surveys have been r e l i ed  upon fo r  system performance 
Because some of the data 
( 9 )  . 
The NASA Lewis Research Laboratory and Aerojet-General have 
jo in t ly  studied the de t a i l s  related to  performing meter cal ibrat ions in the  
H-1 Pump test f a c i l i t y  located at Aerojet-General, Sacramento. 
of t h i s  study w e r e  reported in a NASA Lewis Research Center memorandum. 
Tame I1 does not include the  performance of a modified E Zone system. 
incorporating extensive leve l  sensing and gas measurements, along with major 
line modifications, the cal ibrat ion errors may be reduced t o  less than 
The '""E8 
By 
- + le(%, 3 7  0 
C. l?KWMETER COST ESTIMATES ANI) LEAD TIMES 
T h i s  section discusses some of the specif ic  information re la t ing  
t o  costs  of cryogenic meters up to 20-in. diameter, incorporating flow straigtit- 
eners and multiple sensing coi ls ,  temperature and pressure taps, and other 
described detai ls ,  
Figure No. 10 is a composite of vendor infoparation for catalog 
meters as w e l l  as  procurement data for meters supplied t o  Aerojet-General. 
The 900 l b  flange meter data is from the  procurement f i l e s  and covers meters 
which incorporate the following: 
1. 
20 
30 
40 
5 
60 
7. 
80 
90 
10 e 
11, 
120 
Water calibration 
Flow straighteners (tube bundle) 
Cryogenic tests of sensing co i l s  
Rotor balancing 
Secondary protective bearings 
Ball bearings 
Rotos assembly immersion in lfquid nitrogen 
X-ray weld fnspeetlon 
Lif t ing  lugs 
All s t a in l e s s  steel eonstmetion 
Industr ia l  level cleaning 
Packaging 
The shfpping costs were not included in the  data, 
~ ~ 
(9) Advances i n  Cryogenic Eugineer5ag9 Volumes 8, 9, and 10, Plenum Press 
(13) NASA LeRC Memorandum L. T. Veise t o  Record, dated 1 April 1965, subject: 
Large Size Flow Meter Calibration System, E Area 
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A high pressure, 20-in, l iqu id  hydrogen meter (see Figure No, 4) 
can cost  in excess of t1309000, exclusive of cryogenic cal ibrat ion and shipping 
costs. I f  four instead of two meters were purchased for each propellant t o  
support a th rus t  chamber development t e s t  program, based upon the  foregoing 
arguments re la ted  t o  a centralized national f a c i l i t y ,  approximately rlc1009000 
added costs  would be necessary for  one test stand, 
The observed lead times for  la rge  meters ranges from s i x  months 
t o  one year, Generally, the major lead time fac tors  are: the flanges; the 
tubing (in heavy schedules) ; the flow straighteners;  cal ibrat ion;  and X-rays 
and reviews of t he  negatives, 
The fabricat ion f a c i l i t i e s  of the major producers seem adequate 
for  the  sizes now usedo Studies have been made of rocket boosters i n  the  20 
t o  100 mill ion pound thrust category, requir ing flowmeters (assuming flow is 
measured) up t o  &-in, i n  diameter, One vendor estimated the i r  cos ts  t o  run 
approximately $3,000 per inch, o r  $18O,ooO per meter. 
D o  FACTORS I N  DESIGN MINIMIZING REPAXR AND CALIBRATION COSTS 
It w a s  briefly mentioned at the  beginning of t h i s  report  that 
the removal, handling, checking, and r e ins t a l l a t ion  of a large meter repre- 
sents s igni f icant  cost  and lead t i m e  elements. 
and lead times are s ignif icant ,  
i n t o  l a rge  meters but not necessarily i n t o  smaller (6-ino and l e s s )  meters, 
which should minimize the need for  removal are: 
Further, recal ibratfon cos ts  
Design features that can be incorporated 
1, Testing of the en t i re  meter, or i f  not prac t ica l ,  at 
least the r o t o r b e a r i n g  assembly should be t e s t e d  in a f lu id  near the  operat- 
i n g  temperature pr ior  t o  instal . la t ion i n t o  a line, 
20 Designing the  flow straighteners  and other shaft/rotor 
support fixtures for  absolute.positfon and par t  indexing t o  assure t h a t  the  
ca l ibra t ion  constant is affected t o  l e s s  than by complete disassembly, 
bearing replacement, and reassembly, 
30 Selecting materials that r e t a i n  the highest possible 
impact s t rength  at  the operatingtemperatures. 
4, 
nique, 
ceeding with the next assembly. 
X-raying of a l l  welds which lend themselves t o  the  tech- 
Also performing a double ver i f ica t ion  of the results before pro- 
50 Dynamica1I.y balancing the ro to r s  t o  as h i @  a degree as 
pract ical .  
6 ,  Using b a l l  bearings where the  poss ib i l i ty  of over-spinning 
exists , 
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The bearings should incorporate flow passages. 
pre-loaded, should be used i n  tandem t o  permit flow in e i the r  direct ion,  
(This is not t o  suggest t ha t  the  meters perform equally w e l l  i n  e i t h e r  direc- 
t ion ,  but ra ther  that the  m a x i m u m  bearing stress be taken out i n  e i the r  direc- 
tion. 1 
Angular contact b a l l  bearings, 
78 The f i n a l  des%@ should incorporate stress analyses re- 
l a t i n g  t o  temperature d i f f e r e n t i a l s  (during chilldown) and react ions t o  f l u i d  
shock forces where it  is possible t o  estimate them, 
a, A flow straightener  should be incorporated within the meter. 
9 0  The design should be extremely rugged. 
Design features  that can minimize flow analysis  time include 
multiple sensing coils pre-tes%ed i n  cryogenics (or  a t  the temperature t o  be 
w e d ) ,  as w e l l  as temperature and pressure taps  within the body of the flow- 
meter. 
A feature  which can minimize system problems should a bearing 
hub o r  bearing, l i ned  with Armalon, 
A disadvantage of t h i s  method is tha t  i n  t h e  
Incorporating a minimum 
fa i l  catastrophical ly ,  is a 
Rulon, o r  other p l a s t i c ,  spaced t o  prevent the ro to r  blades from h i t t i n g  t h e  
in s ide  w a l l  of the flowmeter. 
event t he  p l a s t i c  is not properly in s t a l l ed ,  it could cause a drag on t h e  
r o t o r  hub with a consequent e r ro r  in the  K factor.  
of four h a n d l i n g  lugs  on the outs ide of the meter minimizes handling problems 
and hence cos ts  and lead timeso 
The se lec t ion  of the type of flow s t ra ighteners  and t h e i r  
locat ion deserves some spec ia l  a t t en t ione  
both for  radial vanes and cy l indr ica l  tubes, w5th t h e  se l ec t ion  being made 
in favor of t h e  la t tero 
tube bundle resolved t h e  f l o w  elements into smaller units, increasing t h e  
probabi l i ty  of removing pre-rotation. 
t o  provide a e lear  choice between one o r  the other., The a b i l i t y  to clean 
the  vaae type ie superior than with t h e  tube typeo However, regardless  of 
type, i t  has been observed that, t,ke best co r re l a t ion  of ca l ib ra t ion  data 
e x i s t s  when a s t r a fgh tenhg  sec t ion  b used with a metero 
conclusion that s t ra ighteners  within the  meter are desirable. 
s t ra ighteners  appear  t o  be a series of f la t  p l a t e s  with many holes d r i l l e d  
t h o u g h  them which e lb ina tes  both t h e  ro t a t ion  and veloci ty  p r o f i l e  problems. 
However, i t  increases system pressure drops t o  the  point where the  costs  w i l l  
undoubtedly Wreaaa aQpifieantly for the p i p b g ,  tanks, and pressurizat ion 
systemse 
The M - 1  meters were considered 
T h i s  se lec t ion  was based upon the  premise tha t  t h e  
No comparative data is known t o  exist 
This leads t o  t h e  
The bes t  
A thorough study of these trade-offs has not been made. 
E. TIME CONSTANT 
The M - 1  flowmeters were p rocued  t o  a spec i f ica t ion  which 
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required a time constant of less than 25 milliseconds, a6 calculated by the 
method used by Professor Grey(11). The equation developed by him is: 
T =  1 
A c o s d  
where ?-is the  t i m e  required fo r  t he  ro tor  t o  reach a value 
imposed s t ep  function, A is a factor  involving the number of 
t i p  and root r a d i i ,  and an inverse function of the moment of 
is the  p i tch  angle of the  blade r e l a t ive  t o  the flow axis of 
!L‘hw, Equation (1) can be writ ten 
muat ion  (1) 
1 - of the  
blades , blade 
inertia, and A 
the meter. 
1 
Equation (2) 
extract ing the  fac tors  N (number of tu rb ineblades)  and I. 
previously posed re la ted  t o  time constant is one involving rotor  llBSS9 blade 
angle, and number of blades, 
meters f e l l  within the specif ied 25 milliseconds, 
matter and only exambation of the records during tes t ing  shows i f  adequate 
response is obtained. EgazPe No, 11 presents data from one fue l  turbopump 
test. The first plateau on Figure 11 is the cold gas dr’ve portion, and the 
second plateau is the  hot gas generator driven region(=$. The test  w a s  ab- 
or ted because of an overspeed condition, and the rapid series of events dis- 
played by the  flow t race  indicates  response t o  changing conditions within the  
time resolution of t he  da ta  sampling system (approximately 25 milliseconds). 
The ro to r  ia this meter was approximately l”!4+ho i n  diametero 
The scal ing question 
Using the Grey calculat ion technique, a l l  of the 
Proving the  design is another 
F. FABRICATION PROBLEXS 
Probably the two most prevalent problems re la ted  to  these meters 
were the  welding a d  the tube bundle fabr icat ion,  
were standard machining operations, 
A l l  of the other aspects 
The welding problems were re la ted  to  the requirement fo r  meeting 
ASME codes for Unfhed Pressure Vessels, as they apply t o  inclusions and gas 
pockets, The in te rpre ta t ion  of the X-ray phctographs between the vendor’s 
inspeetion service and the buyerOs experts resul ted i n  some delays because 
of differences in o p b i o n  as regards reading the photographs and mbsequent 
rework of w e l d s ,  Also, the  use of a weld rod (349 SS) in j o h b g  304 s ta in-  
less parts resul ted in t o t a l l y  unacceptable magnetic joints. 
w a s  se lec ted  for  ease of welding, but the post-weld maggletic properties were 
overlooked, 
The 349 rod 
The tubular flow st raightener  sect ions (Figures No. I 2  and No. 13) 
(11) Grey, J emg ,  Transiene Response of t.he Turbine Flowmeter, Daniel and 
Florence Guggenhe3.m J e t  Propulsion Center, Princeton, New Jersey , 
February 1956 
(12) Ritter, J. A,,  Summary of Observed Results When C h i l l i n g  the M - l h e l  
Tur%opump t o  Liquid Hydrogen Temperature, NASA CR-9828, 3 June 1966- 
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presented a s e r i e s  of fabr icat ion problems which resu l ted  in the development 
of a l i qu id  oxygen-cleanable, rugged flow straightener  of unique design. 
individual tubes a r e  upset or expanded a t  both ends, allowing approximately 
.O3O-fn0 between all tubes except for the last 1-in, t o  1-1/2-in. at both 
ends. 
atmosphere brazing furnace. S i lve r  brazing individual tubes resul ted i n  de- 
formation resulting from temperature d i f fe ren t ia l s ,  
steel which showed evidence of stress corrosion cracking in the s i l v e r  braz- 
ing process had t o  be changed t o  the low carbon s t a i n l e s s  s tee l .  
The 
The tubes were spot-welded and subsequently nicrobrazed i n  a controlled 
A l s o ,  we of a stainless 
Figure No. 14 shows the surface characterized by the  so-called 
Photomicrography of cross-sections revealed that s t r e s s  corrosion cracking. 
the cracks extended t o  as much as of the thickness of the material(l3).  
G. CLEANING AND HANDLING 
The use of large test  components implies correspondingly large 
test hardware and it  would appear tha t  the available cleaning and handling 
equipment would be adequate. However, the length of the meter housing re- 
quired when using flow straighteners  within the meter mag exceed the 
h g  f a c i l i t i e s .  While other specif ic  cleaning problems have arisen, the  
clean room f a c i l i t i e s ,  including the use of clean too ls  special ly  designed 
for  t h e  flowmeter, should be reviewed, 
The handling problems observed during the M-1 Program were 
l imi ted  t o  the clean room f a c i l i t y  hois t s ,  as well as the method6 and mach- 
inery required for  meter in s t a l l a t ion  i n  the v e r t i c a l  t e s t  stand (see Figure 
No. 1). The horizontal  t e s t  stand with an overhead t rave l ing  crane (Figures 
No. 3 and No. 4) presented no problems. 
It is at the  point of i n s t a l l a t i o n  and removal of a meter such 
a8 shown in Figure No, 1, that cleaning and handling requirements merge. 
The a b i l i t y  t o  maintain system cleanliness on a rainy day a f t e r  a series of 
cryogenic flows isa test of ingenuity. Multi-point l i f t i n g  devices are 
needed t o  maneuver the meter i n  and out of its position. 
located above the work area is effect ive a6 a s e a l  against  moisture, 
system must be designed with adequate f l e x i b i l i t y  t o  adapt t o  the  clearance 
required t o  remove and install a metero 
P la s t i c  sheeting 
The 
H. INSULATION 
No comparative data was develeped far vacuum jacketed versue 
foam insu la t ion  of liquid hydrogen lines, However, the  hydrogen pump tests 
(13) Aerolet-General Failure Analysis Report FA 64-416. KO Gustafson t o  
0. a'; Deppe, dated 4 September 1964; subject: 
302 SS Flow Straightening Vane Caused by Flux 
M-i Damage t o  Type 

(14) were run with approximately 30 f t  of foam insulated pump sucti- l ine (Figure No. 11, extending ver t ica l ly  downward from an 18,000 gallon dewar 
The temperature data observed indicated an average value of -41g°F far the  
tests, and a s h i f t  during any one tes t  of less than 0.5°F.. The material used 
for  t he  insulation in Polyurethane foam (i.e., Upjohn Company, CPR 314-2). 
e 
Use of vacuum jacketed flowmeters is probably warranted i n  some 
However, t he  jo in ts  or flanges must either be vacuum jacketed 
The cost of applying foam 
circumstances. 
or foam insulated after ins ta l la t ion  of the  meter. 
insulation on a meter such as shown in Figure No. 1 is estimated t o  be $1,000. 
The outside protective layer is aluminum, adding a radiant heat transfer 
barrier. 
$3,000 t o  $5,OW. 
insulation is the best  approach f o r t h i s  type of service. 
The estimated cost of adding a vacuum jacket t o  the 18-in. meter is 
For simplicity and effectiveness, it would seem t h a t  foam 
IV . CONCLUSIONS 
The l imited use of the a-1 meters makes it impossible t o  nrovide any 
large measure of data from which t o  d r a w  conclusions. The Principal areas in 
which experience was gained are calibrations,  bearings, handling , and 
insulation. 
A, CALIBRATIONS 
No commercial. or Government f a c i l i t y  is known t o  exist which can 
m t i n g  f a c i l i t i e s  that can approach the required flow rates 
cryogenics are b u i l t  i n to  rocket test stands and are not readily 
provide water and cryogenic calibrations t o  full-scale for  some of the #.I, 
d z e  meters- 
i n  cmter  have adequate accuracies, 
flow rates 
previous generation of rocket flowmeters by a factor of approximately 5. The 
costs  for  cal ibrat ions (in water) of meters in the 14-in. t o  20-in. range can 
be as much as ten times the cost for meters of s i x  inches or less. Cryogenic 
cal ibrat ion cas t  comparisons are  not meaningful as yet because of the l imited 
data f o r  the  large meters. 
Existing f a c i l i t i e s  that can approach H-1 
avai lable( l5  ip . The accuracies are not as good as those provided for  the 
On-stand cal ibrat ion devices, such as l iqu id  leve l  systems, are 
useful in Pesolving flowmetering problems. 
The assumed range of + 02% t o  + 2.0% fo r  the s h i f t  of calibra- 
tion constants from water to  l iquid oxygen appears valid for some &in. and 
18-in, meters. (Units of calibration factor are cycles/gallon. 1 
(14) Schuartz, H, H. and Commander, J. C., Gooldown of Large Diameter Liquid 
(3.5) K U A  LeXC #emorandurn, L, To 
Hydrogen and Liquid OqJTg en Lines, NASA CR-54809, 20 April 1966 
Yeise t o  Record, ope c i t .  
B e  BEARINGS 
The use of 4 4 0 4  b a l l  bearings requires protection against  moisture 
because they w i l l  corrode. 
regarding the  effect  of t h i s  upon performanceo 
the  M-1 flowmeter t o  twice maximum meter ra t ings  resu l ted  in no apparent problems. 
The meters have not been examined subsequent t o  the  over-spinning, but no change 
i n  tes t  data occurred. 
chamber test programs, 
There is insuf f ic ien t  data t o  d r a w  any conclusions 
Several cases of overspinning 
The incidents occurred in the gas generator and thrust 
c. HANDLING 
The external l i f t i n g  lugs are an absolute requirement f o r  these 
The test  stand f a c i l i t i e s  require chain h o i s t  attachments for  l a rge  meters. 
meter i n s t a l l a t i o n  and removalo 
D. INSULATION 
The polyurethane foam insulat ion plus a light gage aluminum re- 
f l e c t i v e  exter ior  appears sa t i s fac tory  f o r  l a rge  (18-in.) l i q u i d  hydrogen 
l i n e  insulation, r e l a t i v e  t o  flow measurements i n  a temperature regime of 
-420OF. 
V. RECOMMENDATIONS 
The following spec i f i c  recommendations a r e  made i n  the  areas of calibra- 
t i o n  and applications. 
A. CALIBRATION FACILITIES 
1. A l l  l a rge  t e s t  f a c i l i t i e s  should incorporate llon-linela 
ca l ibra t ion  deviceso 
be provided t o  handle development problems and highly accurate ca l ibra t ion  
requirementso 
dant flowmeters, despite t he  added costs. This is independent of the tank 
metering device. 
of a large meter are s igni f icant  without considering the cos t s  of  repeating a 
test because of l o s t  flow data. 
In addition, a s ingle  accurate, off- l ine f a c i l i t y  should 
Thrust chamber development t es t  stands should incorporate redun- 
The costs  re la ted  t o  removal, repa i r  and/or reca l ibra t ion  
2. National f a c i l i t i e s  fo r  ca l ibra t ion  i n  both water and 
cryogenic propellants should be reviewed fo r  support requirements t o  exis t ing 
and future large rocket programso 
B o  APPLIC AT1 ON 
1. Redundant sensing c o i l s ,  pressure and temperature ports ,  
and flow straighteners  should be incorporated i n t o  l a r g e  meters. 
2. T e s t  stand facilities should include a perforated p l a t e  
f low st raightener  upstream of the f lonnete~ .  This involves added system 
pressure drop, 
3. Cryogenic tes t ing  of sub-components pr ior  t o  assembly is 
advisable. 
t u re  cycling. 
Rotor assemblies fo r  l i q u i d  oxygen meters should be immersed i n  l iqu id  ni t ro-  
gen and those for  l i q u i d  hydrogen meters should be immersed in l iqu id  nitrogen 
or l iqu id  hydrogen. 
Coils typ ica l ly  develop open c i r c u i t s  when subjected t o  tempera- 
No d i f f i c u l t i e s  have been experienced as yet  i n  the M-1 Program. 
4. If tubular flow st raighteners  are used i n  a f a c i l i t y  or 
meter requiring cleaning t o  l i qu id  oxygen levels ,  the upset a d  feature  
should be used t o  provide sensible  gaps that can be cleaned. 
hoops plus a flange at one end for attachment and indexing are essential. 
Circumferential 
5. In  the absence of a cryogenic cal ibrat ion,  water values 
should be adjusted by + 0~6% for  l iquid oxygen and + 0.8% for  l i qu id  hydrogen 
(ca l ibra t ion  fac tor  expressed i n  cycles per g d l o n ) .  
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APPENDICES 
APPENDIX A 
FLOU DATA FOR &IN. TURBINE FLOWUZEB 
U N I V E R S I T Y  OF C A L I F O R N I A  
Lcw -0s SCIEKIlpIC LABOUTORY 
(coN.rucr w-740S-m&36) 
P. 0. Box 1663 
~ A u H o s , N E I y E x I c o  
87544 
m 
LLR.10: CMF-9-1645E February 4, 1966 
G. R. Deppe 
Aerojet General Corporation 
Bldg. 4610, Dept. 0830 
Sacramento, California 
Dear Gordon: 
Flow data  on the  eight inch turbine flowmeter is tabulated below. 
C a  1 ibra  t ion 
Flowrate Factor Pressure Uncertainty 
GR4 PPG PS IA Percent 36 
1105 3.35 33.2 rt 3.5 
2129 3.48 118 st 2.2 
4078 3.51 333 f 1.6 
6 043 3.48 663 f 1.4 
We would have l iked t o  run another test t o  determine the  reproduci- 
b i l i t y  of these points, however, t he  schedule is such t h a t  it i s  doubt- 
f u l  t h a t  w e  could run again for  several months. There is a p o s s i b i l i t y  
t h a t  two more points,  one each a t  6000 and 7000 GFM, may be retr ieved 
a f t e r  a closer look a t  the data. 
I hope you w i l l  find t h i s  data  useful. 
Very t r u l y  yours, 
R. W. Stokes 
RWS :hp 
cc: M a  - 2 
CMF-9 F i l e  
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APPENDIX B 
WATER AND LIQUID OXYGXN CALIBRATION DATA 
TURBINE FLOwMGlER 14 x 12 - 5498 S/N AJ 12-5 
WATER AND LIQUID OXPGE8 CALIBRATION DATA 
'I'URBINE FLOVHETEB 14 x 12 - 5498 S/N AJ 12-5 
I. WATER DATA - UYLE LABORATORIES, MARa 1965 
Flow Rate (GPM) K (FTJL/GAL) 
3488 0.6230 
4404 0,6228 
5929 0.6240 
7236 0.6240 
9205 0 6239 
10276 0,6243 
11782 0,6245 
15069 0 . 6247 
15447 0.6249 
11. L I Q U I D  OXYGEN DATA - MARSHAIL SPACE FLIGHT C w  
DECEMBER, JANUARY 1965 
Flow Rate (GH) K (PUI&AL) 
109500 0 6293 
11,100 0.6297 
11,500 0 6289 
14  9400 0 6301 
14,700 0,6309 
14,800 0 0 6337 
16 9 5 0 0  0 0 6337 
, 
APPENDIX c __ 
LH2 F'LOU DATA COMPARISON FROM TESTS ON 
TEST STAND H-6, SERIES 102-21-NNP-WM, 
1965-1966 
RUN 
002 
003 
004 
-
006 
007 
008 
009 
010 
011 
012 
013 
LE2 F L O W  DATA COMPARIS(24 FROM TESTS ON STAND 11-69 SEBIES 1.2-21-NNP-XXX9 1965-1966 
(&bine Meter Data Contains a + 0.8% K Factor Shift) 
- 
78,84 
7'7.66 
77.98 
77.00 
78.28 
78.14 
78,oi 
78034 
77.67 
770 73 
78.09 
78.40 
'19% - 
-00% 
-0.39 
-0.6 
-0.49 
No07 
a 0 5  
-0.18 
-0.20 
-0.09 
+O 27 
-0 002 
-0.50 
E2.% - 
-0.38 
-0.09 
-0.34 
-0.11 
a.48 
n013 
-O 039 
4052 
a.08 
a009 
-0.21 
-0.54 
wp = 
= 
WfT = 
E, = 
P 
Suction Flow, Pottermeter Model 8=-53709 S/N AJS-8-24 
Discharge Flow9 Pottermeter Kodel 8-5369, S/N AJS-22 
Flow Calculated From Tank VH-11 
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APPENDIX D 
FLOV RATE COMPARISON, TEST STAND E-1, 
FUEL PUMP PROGRAM 
. 
I -  
Test No, 
003 
004 
007 
008 
009 
010 
001 
FLOW DATA COMPARISON, TEST STAND E.1 
FUEL PUMP PROGRAM 
TEST SERIES 1 , 2 - 0 6 - ~ ,  1965 
*'A wide variance exists in data, depending upon when 
within each t e s t  a f l c w  r a t e  sample is taken, 
available,  steady-state numbers were taken, The duration 
of steady-state is a matter of 10 sec to  20 sec i n  most 
cases* The variance is also a function of the t o t a l  
quantity of I fquid  &charged, as the percent of var iab i l i ty  
increases with decreasing Sscharged voiumee 
Where 
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